ABSTRACT: A non-destructive technique, involving specimen encapsulation and determination of the dependence of thermal resistance on temperature, to measure the blowing agent pressure in cellular plastic insulation was recently presented. This technique was applied to a polyurethane foam manufactured with different blowing agents and the results were compared with those obtained from model calculations. The results indicate that the long-term solubility of the gas in the polymer matrix may differ from that determined from short-term experiments. The paper presents results for HCFC-123 and HCFC-141b as well as CFC-11 and discusses their implication for long-term thermal resistance of polyurethane foams.
. In this technique, the exchange of gases between specimen and its environment is prevented by means of specimen encapsulation. The encapsulation allows the measurement of the dependence of the thermal resistance of the encapsulated specimen on temperature without further aging. This paper reports the application of this experimental technique to sprayed polyurethane foam and the interpretation of the experimental results by companng with those obtained from calculations based on an aging model [2] .
Experimental Procedure
Three foams with the same chemical composition were manufactured under controlled conditions [3] , however, with different blowing agents: CFC-11 in foam 1 (called Base 88 [3] ), Four, 10 mm thick, 300 mm X 300 mm squares were cut from each material and allowed to age in the laboratory environment (temperature 22 t 1 °C and relative humidity 50 =)= 10°/>). Since these materials had aging curves previously determined [3] encapsulation of specimens was performed at preselected stages of aging. Most of the encapsulation took place during the first four weeks (short-term aging, e.g., 10 , 15, 20, and 25 days). For comparison, however, one specimen was also encapsulated in the middle term, after 62 days, when the fraction of air in the cell-gas was much higher but the process of air ingress was still incomplete, and one specimen after long-term exposure (365 days), when the air ingress process was essentially completed [3] . Then, after approximately one more week of storage, to allow some cell gas equalization, the temperature dependence of the thermal resistance of these encapsulated specimens was measured. The specimens were again left in the laboratory environment for a period of up to one year, after which temperature dependence of their thermal resistances was remeasured.
Research Approach
The above experiments were designed to observe the changes undergone by the encapsulated specimens while left in the laboratory. One or more of the following changes may possibly happen:
1. Redistribution of the gases in the enclosed space 2. Change m the physical properties of the polymer 3. Adsorption or desorption of the blowing agent from the cell-gas (affecting its partial pressure) 4 . Adsorption or desorption of the air components from the cell-gas
The above changes 1-4 will affect thermal resistivity-temperature curves. While using the curves to study the above effects, one must remember that the experimentally determined thermal resistivity-temperature curves will differ from one test specimen to another. The experimental variability may be caused by three reasons. First, the specimens were encapsulated at different stages of aging so that the above discussed changes might have been advanced to Table 1 .
To begin with, the effect of thermal gradients applied during laboratory [1] were stimulated (10°C difference across a specimen of thickness 10 mm). The results from these two calculations are denoted in Figure 1 , as &dquo;ASTM&dquo; and &dquo;NRC test&dquo; respectively. The theoretical curve shows that when the specimen is cooled from 40°C, its thermal resistivity increases linearly until a point where the blowing agent starts to condense. This point, called the beginning of condensation (BC) point may be observed at about 16.5°C on the theoretical curve. Any further reduction in temperature successively decreases the amount of the blowing agent in the cell gas mixture until the whole blowing agent has been liquified out of the cell gas mixture [1] .
Because of a large temperature difference applied in the second curve in Figure 1 (corresponding to the typical conditions in an ASTM test), the blowing agent may condense at the cold surface while the rest of the speci- Figure 1 is denoted &dquo;(1) initial&dquo; in Figure 2 (5) is larger than that shown between curves (4) and (2) . The same blowing agent absorption changes the cell-gas composition to a larger extent for the curve (5) than for the curve (4) . This difference may be associated with the change in the air pressure that altered the cell-gas composition since in the latter case the air pressure is 10 percent higher. Figure 3(a) where the retesting was additionally performed after 1 and 4 months. One may observe the gradual shift in thermal resistivity-temperature curves that occurs with prolonged storage. Such a shift between curves established initially and after an extended laboratory storage may be also seen in all four specimens shown in Figures 3(a) through 3(d) . Figures 3(b) through 3(d) show a number of repeated measurements, primarily to illustrate that these measurements were made with the precision high enough to observe the gradual shift m the r = r(T) curves performed after different periods of storage. Foam Blown with Figure 4 shows initial measurements of thermal resistivity on three specimens encapsulated after short-term and one specimen encapsulated after medium-term aging. The latter specimen (encapsulated after 62 days), displayed a thermal resistivity-temperature curve lower and laterally shifted from the curves obtained for three specimens.
Figures 5(a) through 5(c) show thermal resistmty-temperature curves for the same specimens when retested after long laboratory storage (8 to 9 months) compared with the mtial measurements. Similar to the tests on specimens from CFC-11 blown material, retesting after long storage was associated with shifts in the thermal resistmty-temperature curves.
Foam Blown with HCFC-141b Figure 6 shows imtial measurements of thermal resistivity, i.e., 7-14 days after encapsulatmg the specimens. The specimens were encapsulated after 12, 16, 21, 27 and 360 days of aging. The latter specimen (encapsulated after 360 days), displayed a thermal resistmty-temperature curve much lower and laterally shifted from the curves obtained for the other four specimens. These four specimens that were encapsulated after short term aging, were LOI [1] . Using these input data, the model generated thermal resistmty-temperature curves, which are shown m Figure 8 . The encapsulation was simulated in the model calculations by adding a very high flow resistance at the specimen surface and the calculation was continued for the actual storage period. Similarly to the results shown in Figure 2 on the ideal foam, the cell-gas pressure equalization occurring as the effect of encapsulation introduced only a vertical shift into r = r(T) curves. To reproduce the lateral shift shown by the experimental curve determined after 9 months of laboratory storage [see Figure 3( Figure 3(a) [typical of the results presented in Figures 3(a) through  3(d) ]. They all show shifts in the thermal resistivity-temperature curves that can be attributed to two effects:
1. Cell-gas pressure equalization 2. Absorption of cell-gas components Figures 3(a) through 3(d) show that the effect of redistribution of oxygen and nitrogen on r = r(T) curves, the vertical shift, is gradually decreasmg with increasing the aging period before encapsulation. (Similar conclusion had been drawn from the ideal foam results shown in Figure 2 .) A few weeks increase in the aging period, however, did not affect the lateral shift [shift of shown by the specimens encapsulated after 9 and 15 days of aging.
The effect common to all four encapsulated test specimens of Base 88 appears to be a sigmficant decrease in the blowing agent pressure during the extended storage. Model calculations performed to reproduce the experimental data shown in Figures 3(a) through 3(d) indicated that after extended storage of the encapsulated specimens blowing agent partial pressure ranged between 0.42 and 0.46 atmosphere. These figures are comparable to the estimates derived from BC method (0.43-0.44 atm) ( Table 3) . These values are, however, much lower than the range of 0.60 to 0.65 established on the fresh foam by means of indirect test methods [4, 5] .
Measurements performed on foams manufactured with HCFC-123 and HCFC-141b showed even larger apparent* shifts in the BC point. As shown in Tables 4 and 5 Table 3 . Changes in thermal resistivity-temperature curves observed over 7 to 9 months period in the spray polyurethane foam manufactured with CFC-11. [4, 5] . The specific polymeric composition used for Base 88 material resulted in a drop in the short-term CFC-11 partial pressure to approximately 0.53 atmosphere [1] , a level close to that previously reported for polyurethane boards [7] .
The CFC-11 pressure determined on the encapsulated specimens of the same material aged for one year were found to be much lower. While small differences between four tested specimens and two methods of evaluation were observed, the blowing agent partial pressure, ranging from 0.42 to 0.46 atmosphere, was much lower than expected. It appears that the long-term solubility of the blowing agent may differ from that obtained under shortterm experiments on the same foamed cellular plastic.
The main finding of this work is the fact that after one year of service of the studied foam, HCFC contribution to its thermal resistance is only one half of the theoretically possible maximum contribution. This finding justifies a revision of the many assumptions currently used both in the academic and the industnal research on blowing agents to replace the CFCs.
Research Recommendations
One should observe a significant contribution of solubility to the effective diffusion coefficient of the blowing agent. The measurements of HCFC diffusion which do not take into consideration changes in the blowing agent solubility may result in significant errors. Moreover, since the blowing agent solubility is such an important factor in the thermal performance of the foam, one must also examine how the blowing agent solubility is affected by the environment in which the foamed insulation performs-for instance the interaction between polymer and cell-gas may differ in vanous environments. Furthermore, the ability of the polymer matrix to retain the blowing agent may change and hence alter the gas diffusion characteristics.
The fact that for the studied material only a half of the HCFC imtially helping to achieve high thermal performance continues to contribute to this end after one 
